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Alphaviruses are isometric enveloped viruses approximately 70 nm in diameter. The viral surface contains 80 glycoprotein
spikes arranged in a T 5 4 lattice. Each of these spikes consists of three heterodimers of the viral membrane proteins E1
(approximately 49 kDa) and E2 (approximately 51 kDa). Cryoelectron microscopic analyses have shown that the spikes form
a protein shell on the viral surface. We have made an attempt to isolate biologically active protein fragments from this surface
and to grow crystals from such fragments. To this end membrane proteins were extracted with Nonidet-P40 from the Semliki
Forest alphavirus and the proteins were separated from detergent by centrifugation. A protein complex containing the E1 and
E2 molecules in quantitative yield was obtained by this procedure. This complex has the following properties: It sediments
at approximately 30S, it chromatographs with an apparent molecular mass of approximately 580,000 Da during gel filtration,
it cannot be dissociated by either nonionic detergents or 6 M urea, and at acid pH it is a highly active hemagglutinin. The data
indicate that this 30S hemagglutinin complex, which has not been hitherto described for alphaviruses, may represent a
variant form of the protein lattice present on the alphavirus surface. Cleavage of this complex by subtilisin selectively
removes carboxy-terminal sequences from the E1 and E2 proteins, which contain the cytoplasmic and transmembrane
segments of the proteins and a small part of their ectodomain. The remaining ectodomains are called E1DS and E2DS. This
proteolysis also leads to dissociation of the 30S complex. The cleavage products accumulate in the form of a heterodimer
of the E1DS and E2DS proteins. Treatment of the heterodimer with PNGase F leads to rapid removal of carbohydrate from
the E2DS protein and a dissociation of the complex into the constituent molecules, which can be separated by chromatog-
raphy. The finding that the heterodimer and the purified E1DS protein both function as hemagglutinin at acid pH indicates that
the E1 protein represents the alphavirus hemagglutinin. We have obtained crystals of the E1DS protein and are currently in
the process of determining the atomic structure of this protein by the isomorphous replacement method. © 1999 Academic Press
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tINTRODUCTION
The structure and function of viral surface proteins
ave been analyzed in detail for a few viruses and these
tudies are regarded as model analyses. The alphavi-
uses are among the viruses studied in this way. Alpha-
iruses, which are currently classified as a genus in the
ogavirus family (Murphy et al., 1995), are isometric en-
eloped viruses of approximately 70 nm in diameter,
hich contain an infectious single-stranded RNA ge-
ome. The structure and replication of alphaviruses have
een reviewed by Strauss and Strauss (1994) and by
chlesinger and Schlesinger (1996).
The structure of the alphavirus surface has been stud-
ed by biochemical, genetic, and morphological tech-
iques (see Harrison, 1986, and Strauss and Strauss,
994, for reviews). The surface is constructed from 80
lycoprotein spikes arranged in a T 5 4 lattice. Each
pike is composed of three heterodimeric complexes of
he viral membrane proteins E1 (approximately 49 kDa)
1 To whom correspondence and reprint requests should be ad-
oressed. Fax: (0641) 23960.
042-6822/99 $30.00
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ll rights of reproduction in any form reserved.
472nd E2 (approximately 51 kDa). The viral structural pro-
eins are generated from a polyprotein that contains
hese proteins in the order core (C) protein, PE2, 6 K, E1.
he E2 protein is generated by a single proteolytic cleav-
ge from the precursor protein PE2 (about 62 kDa). The
mino-terminal part of PE2 is retained in some mature
lphaviruses, e.g., in the Semliki Forest (SF) virus as the
3 structural protein, and is lost in other alphaviruses.
he structure of alphaviruses has been analyzed by
ryoelectron microscopy (Vogel et al., 1986; Paredes et
l., 1993; Cheng et al., 1995; Fuller et al., 1995; Paredes et
l., 1998). These analyses have shown that the spikes
nteract laterally, forming an almost complete protein
hell. In one of these studies (Fuller et al., 1995) the
hanges in the surface protein lattice induced at low pH
reatment have also been analyzed.
The surface of viruses regulates the early steps of
irus infection (see Marsh and Helenius, 1989, for a
eview). Alphaviruses hemagglutinate red blood cells at
cid pH (Clarke and Casals, 1958). Binding of alphavi-
uses to cellular receptors is followed by endocytosis. In
he endosome an acid-induced conformational change
f the viral surface activates a fusion activity of the E1
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473ECTODOMAIN OF ALPHAVIRUS E1 PROTEINrotein, which leads to fusion of the viral and the endo-
omal membrane followed by extrusion of the viral core
nto the cytoplasm. The molecular details of these events
ave been specifically reviewed by Helenius (1995) and
y Kielian (1995). Newly synthesized viral membrane
roteins are assembled into PE2–E1 heterodimers.
leavage of the PE2 protein generates the surface struc-
ure of the mature alphavirus. Interacting processes of
nternal protein folding and concomitant protein–protein
nteractions regulate the assembly of the PE2–E1 het-
rodimers and the formation and further maturation of
he viral surface (Andersson et al., 1997; Carleton and
rown, 1996).
These analyses show that during the viral life cycle the
iral surface adopts different structures that have differ-
nt functions and that these alterations are appropriately
egulated. A complete elucidation of the structure–func-
ion relationships will have to rely on the knowledge of
he atomic structure of the viral surface during different
tages of the viral life cycle. No such data are available
or alphaviruses. The experiments reported in this article
ere undertaken in order to obtain native fragments
erived at neutral pH from the surface proteins of the SF
lphavirus that are amenable to crystallization. Special
ttention was given to the fact that fragments having a
pecific function would be of special interest. Since we
ere unable to obtain appropriate fragments by direct
roteolytic cleavage of purified virus, a different ap-
roach had to be used. Membrane proteins were re-
eased from virus particles by detergent and pelleted by
entrifugation. A 30S protein complex containing the viral
embrane proteins E1 and E2 in almost quantitative
ield was obtained by these techniques. This complex
epresents a hemagglutinin that is activated at low pH.
he 30S complex was fragmented by proteolysis and the
roducts were fractionated by chromatographic proce-
ures. Structural and functional properties of the result-
ng proteins were determined and attempts to obtain
rystals of appropriate fragments were undertaken. The
esults obtained in these experiments are presented in
his article.
RESULTS
iral membrane proteins can be isolated as a 30S
emagglutinin complex
The nonionic detergent Nonidet-P40 solubilizes the SF
irus membrane proteins, leaving the core intact. After
emoval of the core by a short centrifugation, the viral
embrane proteins are subjected to prolonged centrifu-
ation through a sucrose cushion free of detergents. The
roteins are recovered quantitatively in the resulting pel-
et (see Materials and Methods for details). The proteins
re solubilized either in the presence or in the absence
f detergents and analyzed by sucrose density gradient
entrifugation or FPLC chromatography. The optical den- Tity profile obtained in an analysis using gel filtration
hromatography on Superose 6 in buffer containing 10
M Tris–HCl, pH 8.1, 50 mM NaCl is presented in Fig. 1A.
FIG. 1. Analyses of SF virus membrane proteins purified by detergent
xtraction and ultracentrifugation. Membrane proteins were released
y Nonidet-P40 from purified SF virus and pelleted by ultracentrifuga-
ion (see Materials and Methods for details). Proteins were solubilized
t a final concentration of approximately 2 mg/ml in buffer containing 10
M Tris–HCl, pH 8.1, 50 mM NaCl. 100 ml of this solution was subjected
o gel filtration chromatography in the same buffer on a Superose 6
olumn (bed volume 22 ml), using a flow rate of 0.4 ml/min and a
raction size of 0.4 ml. The optical density profile obtained is shown in
. The position of the elution of the marker proteins thyroglobulin (T;
69 kDa), ferritin (F; 440 kDa), and bovine serum albumin (B; 67 kDa) is
ndicated by arrows. These proteins elute from the column at 9, 14, and
6 ml, respectively. The SDS–PAGE pattern of the proteins present in
0-ml aliquots of the protein eluate peak is shown as an inset in A.
roteins were stained by Coomassie blue. 2-ml aliquots of these frac-
ions were used for analysis of HA activity. The results of a HA analysis
n which all odd-numbered fractions across the protein eluate peak
ere analyzed are shown in B. The column eluate fractions analyzed
re indicated on the left. A series of 11 dilutions is prepared for each
raction in the wells from left to right for each HA analysis.he protein pattern, as obtained by SDS–PAGE, is shown
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474 WENGLER, WENGLER, AND REYs an inset in Fig. 1. The protein elutes as a single
ymmetric peak, somewhat earlier than ferritin, which
as a molecular mass of 440 kDa. The eluted protein
FIG. 2. Analysis of the morphology of the 30S protein complex by ne
uperose 6 column shown in Fig. 1 was adsorbed to carbon-coated g
ranylacetate (B) or phosphotungstic acid (C). For comparison, inta
ranylacetate negative staining procedure used in B. Analyses were
orresponds to 0.1 mm.ontains the molecules E1 and E2 in the same relative amounts in all fractions. Electron micrographs obtained
fter negative staining of the protein are shown in Fig. 2
ogether with the same analysis done on intact SF virus
staining electron microscopy. The material present in fraction 9 of the
ed with glutaraldehyde in the adsorbed state, and stained with either
liki Forest virus particles (A) and ferritin (D) were analyzed by the
at 50,000 fold magnification in the microscope. The horizontal bargative
rids, fix
ct Sem
madend ferritin. It can be seen that the protein forms a rather
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475ECTODOMAIN OF ALPHAVIRUS E1 PROTEINomogeneous complex larger than ferritin. The apparent
ize and morphology of this complex vary depending on
he negative stain used. The data indicate that the viral
embrane proteins prepared by the procedure de-
cribed above form a complex of approximately 580 kDa
hat contains all E1 and E2 protein molecules of the viral
embrane. Since during sucrose density gradient cen-
rifugation this protein complex sediments at about 30S
data not shown), it will be called the 30S complex.
lphaviruses can agglutinate appropriate erythrocytes at
H 5.6. An analysis of the hemagglutinin activity in the
ractions obtained during Superose 6 chromatography is
hown in Fig. 1B. The 30S complex represents a hem-
gglutinin that is active only at acid pH. The data show
hat the complex leads to complete hemagglutination
own to a concentration of 10 ng/ml E1. This activity is
bout fourfold higher than the HA activity of the same
mount of E1 protein present in intact SF virus (data not
hown). The analyses described above were done in the
bsence of detergents. It was expected that the inclusion
f detergents would dissociate the complex. Unexpect-
dly, the 30S complex was completely stable in the
resence of nondenaturing detergents, e.g., octylglu-
oside, Zwittergent 3-8, Lubrol PX, Triton X-100, and Non-
det-P40 (data not shown).
solation of a (E1–E2)DS spike complex from the 30S
emagglutinin
The 30S hemagglutinin could not be dissociated by
igh salt concentrations or 7 M urea (data not shown). In
rder to dissociate the 30S material the complex was
ubjected to proteolytic digestion. Protein cleavage was
onitored by SDS–PAGE and dissociation of the com-
lex was analyzed by gel filtration. An interesting frag-
entation was generated by digestion with subtilisin in
he presence of detergent. The SDS–PAGE analysis of
his reaction (Fig. 3A) shows that the E2 protein is short-
ned by approximately 4 kDa and that the E1 protein also
igrates slightly faster after subtilisin digestion. Proteins
ere identified by amino-terminal sequence determina-
ion, which showed that the proteins contain the authen-
ic N-terminal sequences after proteolysis. The proteol-
sis therefore did remove carboxy-terminal sequences
rom both proteins. The resulting proteins will be called
1DS and E2DS, respectively. The optical density profile
btained if a subtilisin cleavage reaction of the 30S
omplex prior to completion is analyzed by gel filtration
n Superose 6 is shown in Fig. 3B. An SDS–PAGE anal-
sis of the proteins present in the eluate fractions is
hown in Fig. 3C. Comparison with the data presented in
ig. 1 shows that a new protein complex of approxi-
ately 70 kDa, which elutes at the position of the bovine
erum albumin marker protein from the Superose 6 col-
mn, is generated during subtilisin digestion from the
0S hemagglutinin. The SDS–PAGE analysis shows that this new complex contains the proteins E1DS and E2DS.
fter completion of the subtilisin cleavage the 30S hem-
gglutinin is almost quantitatively converted into this
aterial (data not shown). Further purification of this
aterial by gel filtration or by ion-exchange chromatog-
aphy (Fig. 4) did not result in separation of the E1DS and
2DS molecules. Taken together the analyses shown in
igs. 3 and 4 indicate that this material represents a
eterodimeric complex of one molecule of E1DS and one
olecule of E2DS. This complex will be called (E1–
2)DS. The data shown in Fig. 3D indicate that the
E1–E2)DS complex has HA activity but the presence of
he highly active 30S complex does not allow an exact
etermination of this activity in this experiment. Analyses
f purified (E1–E2)DS material show that it leads to
omplete hemagglutination down to a concentration of 4
g/ml E1DS present in this complex (data not shown).
The (E1–E2)DS complex represents a good starting ma-
erial for crystallization experiments because it is rather
omogeneous, is soluble in the absence of detergents, and
s active as a hemagglutinin. Therefore it was of importance
o characterize which carboxy-terminal sequences are
issing in the E1DS and E2DS molecules. This was done
y mass spectrometry. The molecular masses obtained for
he molecules E1, E1DS, E2, and E2DS were 49,162, 44,075,
0,921, and 41,518 Da, respectively (data not shown). E1DS
s therefore 5087 Da smaller than E1 and the corresponding
igure for E2DS is 9403 Da. Since the amino acid sequence
f the proteins E1 and E2 is known (Garoff et al., 1980) it can
e calculated which carboxy-terminal sequence has been
emoved. During this calculation it must be considered that
he carboxy-terminal segments of both proteins are palmi-
oylated (Schmidt et al., 1979; see Schlesinger and
chlesinger, 1986, for a review). The one palmitic acid
resent in the SF virus E1 protein is bound to the residue C
33 (Schmidt et al., 1988). This leads to the equation: mass
ost in E1DS (5087 Da) 5 mass of lost peptide 1 mass of
almitic acid (256 Da) 2 mass of H2O (18 Da). The mass of
he lost peptide is therefore 5087 Da 2 256 Da 1 18 Da 5
849 Da. In the majority of SF virus E2 protein molecules
he four cysteine residues 385, 395, 415, and 416 are palmi-
oylated (Ivanova and Schlesinger, 1993). This leads to the
quation: mass lost in E2DS (9403 Da) 5 mass of lost
eptide 1 mass of four residues of palmitic acid (1024 Da)
mass of four water molecules (72 Da). The mass of the
ost peptide is therefore 9403 Da 2 1024 Da 1 72 Da 5
451 Da. These data allow the prediction that the residues
390 and T 343 represent the carboxy-terminal residues of
he proteins E1DS and E2DS, respectively.
1DS protein can be isolated from the (E1–E2)DS
omplex and functions as a hemagglutinin
Deglycosylation experiments of the (E1–E2)DS com-
lex were carried out in parallel with the crystallizationrials described below, since carbohydrates can intro-
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476 WENGLER, WENGLER, AND REYuce heterogeneities into the structure that might limit
he quality of crystals. Proteins E1 and E2 contain one
nd two carbohydrate attachment sites, respectively, and
ll sites are glycosylated (data not shown). Treatment of
he (E1–E2)DS complex under native conditions by PN-
ase F as analyzed by SDS–PAGE results in the rapid
emoval of the carbohydrate from the E2 protein,
hereas the E1 protein is deglycosylated slowly (data
ot shown). An analysis by gel filtration of the proteins
btained after completion of the deglycosylation of the
2DS protein is shown in Fig. 5A. An SDS–PAGE analysis
f the proteins present in the eluate is shown in Fig. 5B.
FIG. 3. Analyses of the structural alterations of the 30S complex after
nd ultracentrifugation, was solubilized to approximately 1 mg/ml in buf
t 22°C, as described under Materials and Methods. Aliquots of the re
attern obtained after Coomassie blue staining is shown in A. 100 m
leavage and subjected to gel filtration chromatography on a Superose
ize of 0.8 ml. The optical density profile obtained is shown in B togeth
ovine serum albumin (see legend to Fig. 1). An SDS–PAGE analysis
nalysis the following marker proteins were fractionated on the la
-lactoglobulin (18.4 kDa), lysozyme (14.3 kDa), bovine trypsin inhibitor
he column eluate fractions is shown in D.t can be seen that the (E1–E2)DS complex dissociates ander these conditions. The amino-terminal sequences
f the proteins present in appropriate column fractions
ere determined by automated sequencing. The results
btained show that the protein that elutes similar to
valbumin represents the deglycosylated E2DS protein,
hereas all proteins present in the second peak, which
lutes similar to myoglobin, contain the amino-terminal
equence of the E1 protein (data not shown). Deglyco-
ylated E2DS protein elutes from the column in accor-
ance with its molecular weight. The E1DS protein,
hich has a molecular mass of 44,075 Da, apparently
xists in an unglycosylated form and a glycosylated form
in treatment. Membrane glycoprotein, purified by detergent extraction
aining octylglucoside and Zwittergent 3-14 and digested with subtilisin
were analyzed by SDS–PAGE under reducing conditions. The protein
ubtilisin cleavage reaction was harvested prior to completion of the
mn (bed volume 22 ml), using a flow rate of 0.4 ml/min and a fraction
the elution position of the marker proteins thyroglobulin, ferritin, and
roteins present in the column eluate fractions is shown in C. In this
dicated by M: ovalbumin (43 kDa), carbonic anhydrase (29 kDa),
a), and insulin. An analysis of the HA activity of the protein present insubtilis
fer cont
actions
l of a s
6 colu
er with
of the p
nes in
(6.2 kDnd elutes much later than predicted from its molecular
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477ECTODOMAIN OF ALPHAVIRUS E1 PROTEINass, since the molecular mass of the myoglobin marker
rotein is only about 17,000 Da. We have not analyzed the
asis of this behavior but the E1DS protein may have
ome affinity for the column matrix under the experimen-
al conditions used. In any event, it is possible to obtain
eglycosylated E2DS, deglycosylated E1DS, and glyco-
ylated E1DS proteins by PNGase F treatment of the
E1–E2)DS complex followed by gel filtration. An analysis
f the HA activity of the column eluate is shown in Fig.
C. A peak of HA activity in fractions 11 and 12 can be
dentified, which comigrates exactly with the glyco-
ylated E1DS molecule. It can be calculated from the
ata that the latter protein gives complete HA activity
own to a concentration of 1 mg/ml.
Although these data strongly indicate that the purified
1DS protein functions as a hemagglutinin in vitro, the
ossibility cannot be completely excluded that a small
mount of some other protein derived from (E1–E2)DS,
hich migrates similar to the E1DS protein during gel
iltration, might remain undetected in the SDS–PAGE
nalysis and might actually be responsible for the HA
ctivity. We have observed earlier that the E1 and E2
roteins, when purified by preparative SDS–PAGE under
onreducing conditions, were at least partially in a native
onformation, as seen by resistance of the proteins to
roteolytic degradation (data not shown). Therefore
tructural proteins were purified from virus particles by
reparative SDS–PAGE under nonreducing conditions
nd analyzed for HA activity. The results obtained show
hat the E2 protein has no HA activity but that the E1
FIG. 4. Ion-exchange chromatography of the (E1–E2)DS complex.
E1–E2)DS material purified by gel filtration on Superose 6 was loaded
irectly onto a Mono Q HR 5/5 column. A linear gradient from 25 to 500
M NaCl in 20 mM Tris–HCl, pH 8.1, at a flow rate of 1 ml/min was used
or elution. The optical density profile of the column eluate is shown. An
DS–PAGE analysis of the proteins present in the fractions that show
bsorbance at 280 nm is shown as an inset. Proteins are stained with
oomassie blue in this analysis.rotein purified by this procedure represents a hemag- blutinin that is dependent for activity on acid pH (data not
hown).
rystallization of the E1DS hemagglutinin
A first series of crystallization experiments was per-
ormed using the (E1–E2)DS complex. Crystals were
ventually obtained by vapor diffusion using the hanging
rop technique (McPherson, 1989). The crystals ap-
eared in the presence of 2 to 5% PEG 8000 and 10 mM
ris–HCl, pH 8.1, after several months at room tempera-
ure. Larger crystals were obtained by switching to the
icrobatch method in an oil bath (Chayen et al., 1992),
ince the low ionic strength of the crystallization solu-
ions made vapor diffusion ill-controlled and sensitive to
inor temperature changes. SDS–PAGE and N-terminal
equencing analyses of protein recovered from these
rystals showed that they contain exclusively the E1DS
rotein, indicating that the lapse of 2 months before
rystals appear is due to a slow dissociation of the
eterodimer. When using a preparation of purified E1DS
rotein the same crystals appeared overnight under the
ame conditions (see Materials and Methods for details).
photograph of these crystals is presented in Fig. 6. The
rystals were characterized by using synchrotron radia-
ion (Fig. 6). They were found to belong to the hexagonal
pace group P6222 or its enantiomorph, P6422. The cell
dges are a 5 78 Å and c 5 336 Å. Considering an
verage specific volume for proteins of 0.73 cm3/g
which is equivalent to 1.212 A3/Da), the presence of a
ingle E1DS polypeptide chain in the asymmetric unit of
he crystals leads to a solvent content of 64% of the
olume of the crystal. Two monomers of E1DS per asym-
etric unit would correspond to a solvent content of 28%,
hich represents an unacceptably tight packing for pro-
ein crystals. The crystals are very radiation sensitive
nd diffract X rays anisotropically: the diffraction pattern
xtends to well beyond 2.4-Å resolution along the direc-
ion of the sixfold axis (c*) but only to 3.3-Å resolution
long directions perpendicular to c*. Because of the
eakness of the diffraction pattern, we have been able to
ollect data up to these resolution limits only on the
igh-brilliance beam-line of the third-generation synchro-
ron source of the European Synchrotron Radiation Fa-
ility (ESRF) at Grenoble, France. We are currently in the
rocess of determining the structure by the method of
somorphous replacement combined to the multiple
nomalous diffraction method.
DISCUSSION
The experiments reported above show that the viral
embrane proteins E1 and E2 can be recovered with
lmost quantitative yield as a 30S complex that is soluble
n the absence of detergents. The existence of a complex
orm of the proteins was not unexpected since mem-
rane proteins can aggregate via their transmembrane
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478 WENGLER, WENGLER, AND REYegment in the absence of detergents. Such complexes
an be dissociated by nondenaturing detergents. How-
ver, the finding that the 30S complex was stable in the
resence of detergents was surprising. Furthermore, the
omplex could not be dissociated by 5 M NaCl or 7 M
rea. Cryoelectron microscopy shows that the surface of
lphaviruses forms a continuous protein lattice (Vogel et
l., 1986; Paredes et al., 1993; Cheng et al., 1995; Fuller et
l., 1995). Recently it has been shown that a SF virus
utant that does not assemble intact nucleocapsids in
he cytoplasm can form virus particles in a budding
rocess in which the formation of the viral membrane
escues the defect in core assembly (Forsell et al., 1996).
hese analyses indicate that the membrane proteins of
lphaviruses have an inherent capacity to form a closed
rotein shell. The results obtained in our experiments
ndicate that the 30S complex probably represents a
ariant form of this viral surface assembly. This interpre-
ation is supported by the finding that the 30S complex is
ctive as a hemagglutinin at acid pH and is actually
bout fourfold more active than the virus particles (see
elow). The analysis of this complex, which to our knowl-
dge has not been hitherto described for alphaviruses,
ight allow the study of aspects of the structure and
unction of the alphavirus membrane proteins in a sys-
em that is simpler than the complete viral membrane.
The stability of the 30S complex led us to analyze
roteolytic cleavages as a means to obtain defined frag-
ents of the complex. Earlier experiments had shown
hat proteolytic treatment of whole virus either introduced
xtensive degradation of the surface proteins or intro-
uced no cleavage at all, depending on the protease
sed (data not shown). We analyzed the effect of the
atter proteases on the 30S complex. The reasoning
ehind this approach was that new cleavage sites might
ecome accessible in the 30S complex that were pro-
ected by the lipid membrane in the intact particle. The
leavages obtained by subtilisin were in accordance
ith these considerations. The proteins E1DS and E2DS,
hen adjusted to a NaCl concentration of 0.5 M and up to 400 ml of the
aterial was loaded onto a Superdex 75 HR 10/30 gel filtration column
22-ml bed volume) and subjected to FPLC in buffer containing 20 mM
ris–HCl, pH 8.1, 500 mM NaCl, using a flow rate of 0.5 ml/min and a
raction size of 0.5 ml. The optical density profile of the column eluate
s shown in A. The position of the elution of the marker proteins bovine
erum albumin (B, 67 kDa), ovalbumin (O, 43 kDa), and myoglobin (M,
7 kDa) is indicated by arrows. The proteins present in the eluate
ractions that did contain protein according to the optical density profile
ere fractionated by SDS–PAGE and visualized by Coomassie blue
taining (B). The marker proteins included in this analysis (lane M) are
escribed in the legend to Fig. 3. The pooled protein present in
ractions 11, 12, and 13, which consists of glycosylated E1DS protein
nd of small amounts of deglycosylated E1DS protein derived from
raction 11, was used for crystallization (see Fig. 6). An analysis of the
A activity present in the column eluate fractions is shown in C. 10 and
ml of each fraction were used for the SDS–PAGE analysis and the HAFIG. 5. Chromatography of the deglycosylated (E1–E2)DS complex.
urified (E1–E2)DS protein was digested with PNGase F for 3 h atnalyses, respectively.
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479ECTODOMAIN OF ALPHAVIRUS E1 PROTEINhich are shortened specifically at the carboxy-terminus,
ere obtained as a heterodimeric complex with a yield of
ore than 80%.
From mass spectrometric analyses it has been calcu-
ated that the E1DS and E2DS proteins contain the res-
dues Y 390 and T 343, respectively, as carboxy-terminal
mino acids. Since the E1 protein contains only a single
cylated site in this case, the calculation can be done
ather exactly. The E2 protein can contain up to four
cylated sites, which may not all be acylated in all mol-
cules. Therefore the carboxy-terminal amino acid may
iffer from the calculated T 343 by one or two residues.
t has been predicted (Garoff et al., 1980) that the E1
rotein contains an ectodomain followed by a transmem-
rane domain and a cytoplasmic domain and that these
omains comprise the amino acid residues 1 to 412, 413
o 436, and 437 to 438, respectively. The E2 protein
pparently has the same organization and these seg-
ents comprise residues 1 to 363, 364 to 391, and 392 to
22. The E1DS molecule therefore has lost residues 391
o 412 of the ectodomain and all ensuing sequences, and
he E2DS protein has lost residues 344 to 363 of the
ctodomain and the ensuing sequences. Therefore the
oss of the ectodomain segments E1 (391–412) and E2
344–363) probably is responsible for the dissociation of
he 30S complex into the (E1–E2)DS heterodimers. These
indings indicate that these rather short ectodomain se-
FIG. 6. Crystals of the Semliki Forest virus E1DS glycoprotein. (Left)
nder Materials and Methods. The crystals are hexagonal prisms tha
hickness. The bar represents 100 mm. (Right) The diffraction pattern from
ynchrotron Radiation Facility in Grenoble, France. The detector was a
avelength of the X-ray beam was 0.936 Å, the crystal to detector dista
f the detector was 2.7 Å. The anisotropy of the diffraction is evident fro
f the detector along the crystallographic c axis (the 62 axis of the c
eflections are very close to each other along the c axis (vertical in thuences are involved in the trimeric association of the1–E2 heterodimers into the spike and also in the as-
embly of spikes into the viral surface protein lattice.
The proteins E1 and E2 contain one and two carbohy-
rate complexes, respectively. In order to improve the
tructural homogeneity of the (E1–E2)DS heterodimer an
ttempt was made to remove at least some of this car-
ohydrate by treating the protein under native conditions
ith PNGase F. The two carbohydrate complexes at-
ached to the E2 protein were released rapidly, whereas
arbohydrate was liberated from the E1 protein only
lowly. A complete release of carbohydrate could not be
btained because during prolonged incubation the pro-
ein precipitated. PNGase F treatment followed by gel
iltration allowed the isolation of the deglycosylated
2DS protein with high yield and the E1DS protein as a
lycosylated and as a deglycosylated molecule. Analy-
es of the HA activity of these proteins show that the
1DS protein represents a hemagglutinin that is depen-
ent on low pH for activity. Independent evidence for the
dentification of the E1 protein as hemagglutinin comes
rom our finding that complete E1 protein isolated by
reparative SDS–PAGE from virus particles also is an
ctive hemagglutinin. During the preparation of this arti-
le we became aware of an earlier report that showed
hat the E1 protein of alphaviruses isolated by isoelectric
ocusing represents a hemagglutinin (Dalrymple et al.,
976).
tal grown using the microbatch technique in an oil bath, as explained
to approximately 300 mm in length and to approximately 150 mm in
ystal, a 0.5° oscillation image taken at beam-line ID 14 at the European
ed-coupled device made by MAR Research (Hamburg, Germany). The
s 180 mm, and the exposure time was 50 s. The resolution at the edge
mage, which shows diffraction spots extending all the way to the edge
and only to 3.5 Å along directions perpendicular to c. Note that the
e), reflecting the long c axis (336 Å).A crys
t grow
the cr
charg
nce wa
m the i
rystal)It is interesting to compare the HA activity of the E1
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480 WENGLER, WENGLER, AND REYrotein when present in the different E1-containing struc-
ures prepared in our experiments. In our assay 50 ml of
A-containing solution is used to assay HA activity by
ddition of erythrocytes suspended in low pH buffer. The
ollowing minimum amount of E1 protein had to be
resent in 50 ml of solution to give complete hemagglu-
ination: 0.5 ng E1 in the 30S complex, 2 ng of E1 in virus
articles, 200 ng E1DS in the (E1–E2)DS heterodimer,
nd 50 ng of purified soluble E1DS. These data show that
he E1 protein is about fourfold more active in the 30S
omplex than in the intact virus particle. Both of these
tructures contain more than two E1 molecules per com-
lex, whereas the (E1–E2)DS heterodimer and the solu-
le E1DS material contain only a single E1DS molecule
ach. It can be seen that the HA activity of E1DS is
omewhat lower in the heterodimer than in the isolated
olecule. We were surprised to find that the HA activity
f the isolated E1DS protein is lower only by a factor of
5 than the HA activity of complete E1 protein present in
he native viral membrane. The following considerations
ight help to explain the high HA activity of the mono-
eric E1DS protein. The alphavirus fusion peptide is
resent as an internal protein segment in the E1 protein
Garoff et al., 1980; Levy-Mintz and Kielian, 1991). Acid pH
nduces a conformational change and a reorganization of
he viral surface proteins (Justman et al., 1993). An E1
omotrimer is formed at low pH in which the hydropho-
ic fusion peptide segment is exposed on the protein
urface (Wahlberg et al., 1992). This structural change is
ependent on the presence of cholesterol-containing
embranes and is also observed in vitro using soluble
onomeric E1 lacking the transmembrane segment
Klimjack et al., 1994; see Garoff et al., 1994; and Kielian,
995, for reviews). The low pH and the erythrocytes
resent in the HA reaction can probably induce these
tructural changes in the E1 ectodomain used in our
xperiments. The incorporation of this trimeric E1DS
omplex into the erythrocyte membrane would lead to
ggregation of the erythrocytes at low pH. In such a
rocess the monomeric E1DS protein could become an
ffective hemagglutinin.
The only viral envelope protein bearing an internal
usion peptide (as opposed to those containing N-termi-
al fusion peptides like influenza HA2 and HIV gp41) for
hich the structure is known is the E protein from the
lavivirus tick-borne encephalitis virus (Rey et al., 1995).
his structure shows that the fusion peptide is buried at
he interface of a homodimer, which dissociates during
he fusion-activating conformational change at acid pH,
hus exposing the peptide. In addition, the structure
hows that the carbohydrate moiety protects this con-
erved stretch of polypeptide from recognition by the
mmune system and also stabilizes the dimeric confor-
ation. It has been shown that flavivirus mutants lacking
he corresponding glycosylation site adopt the acid con-
ormation much more readily, even at neutral pH (Guira- Bhoo et al., 1993). Our finding that the E1DS–E2DS inter-
ction in the heterodimer is weakened by deglycosyla-
ion can thus be related to the flavivirus results. Taking
ogether data that show that mutations in the SF virus
usion peptide affect the heterodimer interaction be-
ween E1 and E2 (Duffus et al., 1995) and the fact that the
1–E2 heterodimer dissociates during the conforma-
ional change, we can postulate that, as for flaviviruses,
he fusion peptide of alphaviruses is buried at the inter-
ace of E1 and E2 and that the interaction region is
overed by carbohydrate. To what extent detailed struc-
ural similarities will be present in the regulation of the
usion activity of alpha- and flaviviruses can be evaluated
nly after a structural analysis of the alphavirus E1–E2
eterodimer. Up to now we have been able to obtain
rystals having a quality that might allow the determina-
ion of the atomic structure only from the E1DS protein.
he data reported above show that the experimental
pproach described in this article allows the isolation of
number of different structural components of the al-
havirus surface. Experiments to obtain protein crystals
rom further components of the viral surface are currently
nder way in our laboratories.
MATERIALS AND METHODS
aterials and reagents
Nonidet-P40, N-octylglucoside, and subtilisin were ob-
ained from Sigma. Zwittergent detergents were bought
rom Calbiochem. PNGase F was obtained from New
ngland Biolabs. Erythrocytes from 1-day-old chicks
ere bought from Labor Dr. Koch-Dr. Merk (88416
chsenhausen Germany). All chromatographic separa-
ions were performed using prepacked FPLC columns
urchased from Pharmacia.
reparation of SF membrane proteins by detergent
xtraction and centrifugation
SF virus was grown, purified, and treated with Non-
det-P40, as described by Boege et al. (1980), except that
ercaptoethanol was omitted. Briefly, SF virus was prop-
gated in BHK 21 cells, pelleted by centrifugation, cen-
rifuged to equilibrium in tartrate gradients, and pelleted
gain by centrifugation. Purified virus was suspended at
concentration of approximately 1 mg/ml in TN buffer,
ontaining 20 mM triethanolamine, pH 7.4, 100 mM NaCl,
nd incubated in the presence of 1% Nonidet-P40 for 10
in at 25°C, and the cores were separated from the
lycoproteins by sucrose density gradient centrifugation
Boege et al., 1980). The top of the gradients, containing
he membrane proteins, was collected and 7 ml of this
olution was layered over a cushion consisting of 1.5 ml
5% w/w sucrose in TN buffer on top of 1.5 ml of 20% w/w
ucrose in TN buffer in a polycarbonate vial of the Ti 75
eckman rotor. The protein pellets obtained after 18 h of
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481ECTODOMAIN OF ALPHAVIRUS E1 PROTEINentrifugation at 60,000 rpm, 4°C, were stored at 220°C.
n a typical preparation 300 petri dishes (15-cm diameter)
ere infected with SF virus. Purified virus, containing
bout 4 mg core protein and 10 mg glycoprotein, was
ecovered. From this virus eight Ti 75 pellets, each con-
aining at least 1 mg of glycoprotein were prepared.
leavage of SF membrane protein by subtilisin and
urification of the (E1–E2)DS complex
Membrane protein pellets were solubilized in buffer
ontaining 20 mM Tris–HCl, pH 8.1, 100 mM NaCl, at a
rotein concentration of 1 mg/ml. After addition of n-
ctylglucoside to 0.8% and Zwittergent 3-10 to 0.2%, sub-
ilisin was added to 50 mg/ml. After a 40-min incubation
t 22°C, the reaction was stopped by addition of PMSF to
mM and subjected immediately to FPLC. For prepara-
ive purposes up to 5 ml of solution was loaded onto a
ephacryl S 300 HR 16/60 column (120-ml bed volume)
quilibrated in buffer containing 20 mM Tris–HCl, pH 8.1,
5 mM NaCl, 0.1% n-octylglucoside. The single large
rotein peak containing the (E1–E2)DS complex was
ocalized by absorbance measurement, concentrated to
ml by centrifugal filtration using a Macrosep 30 K
evice (Pall), and chromatographed on a Sephacryl S 200
R 16/60 column in the same buffer in the absence of
etergents. Further purification of the protein by ion-
xchange chromatography was performed as follows:
he protein eluted from the Sephacryl S 200 column was
oaded directly onto a Mono Q HR 5/5 column and eluted
sing a linear gradient of 25 to 500 mM NaCl in 20 mM
ris–HCl, pH 8.1, at a flow rate of 1 ml/min.
leavage of the (E1–E2)DS complex by PNGase F
nd fractionation of the reaction products by gel
iltration
The (E1–E2)DS complex eluted from the Sephacryl S
00 column was concentrated to less than 300 ml by
entrifugal filtration using an Ultrafree (Millipore) device
o a protein concentration of about 5 mg/ml. PNGase F
as added to this solution to 50,000 units/ml. After a 3-h
ncubation at 37°C, 0.1 vol of 5 M NaCl was added to the
eaction and the material was loaded onto a Superdex 75
R 10/30 column (22-ml bed volume) in 500 mM NaCl, 20
M Tris–HCl, pH 8.1. The optical density of the eluate
as determined and fractions were stored at 220°C.
nalytical and preparative fractionation of proteins by
DS–PAGE
SDS–PAGE was performed according to Laemmli
1970). Proteins were stained with Coomassie blue in the
el or blotted onto PVDF sheets and subjected to auto-
atic amino-terminal sequence determination, as de-
cribed previously (Wengler et al., 1992). Coomassie blue
tained PAGE fractionated protein bands were also usedo estimate protein concentrations. Lanes containing 0.5, w, and 2 mg of bovine serum albumin were used as
rotein standards in these analyses. For preparative pur-
oses up to 1 mg of protein was solubilized in 4 ml of
DS–PAGE sample buffer and subjected to electrophore-
is, using a slab gel of a size of 17 3 13 3 0.3 cm. After
emoval from the glass plates the gel was covered with
nitrocellulose membrane for 3 h at room temperature.
he membrane was then removed, stained with amido
lack, and used to localize the gel regions containing the
eparated proteins. The corresponding gel segments
ere cut out and the proteins were eluted by electro-
horesis into a final eluate volume of 300 ml of 100 mM
ris–HCl, pH 7.7 (Scheefers, 1985).
easurement of hemagglutination
Hemagglutination activity was determined at neutral
H and at pH 5.5 as described by Clarke and Casals
1958). Series of 1:2 dilutions of hemagglutinin of a final
olume of 50 ml were performed in horizontal rows in
icrotiter plates, using bovalbumin–borate–saline, pH
.0, as diluent. Fifty microliters of a suspension of 1-day-
ld chick erythrocytes in virus adjusting diluent at neutral
r acid pH was added to each well to initiate the reac-
ion. The final pH of the reactions was either 7.3 or 5.5
Clarke and Casals, 1958). The reactions were analyzed
fter a 30-min incubation at room temperature.
rotein crystallization
Purified E1DS protein was concentrated to roughly 20
g/ml using a VIVASPIN 500 concentrator, with a mem-
rane cut-off of 10 kDa. When the total sample was
rought to a volume of about 20 ml, the buffer was
xchanged several times, by adding 0.5 ml of 20 mM
riethanolamine buffer at pH 8 and 0.02% NaN3 and
oncentrating again to 20 ml. Protein concentration dur-
ng these procedures was determined according to the
ethod of Schaffner and Weissmann (1973). One-micro-
iter aliquots of approximately 20 mg/ml protein were
ixed with an equal volume of PEG 8000 (Sigma), at
oncentrations ranging from 1 to 5% (w/v). The mixture
as loaded onto a 10-ml well containing pure paraffin oil
or batch crystallization, according to a standard protocol
or microbatch crystal growth (Chayen et al., 1992). Crys-
als with the shape of a hexagonal rod appeared within
4 h and grew for several days to approximately 300 mm
n length and 100–150 mm in thickness as shown in Fig.
. Data were collected using the following synchrotron
adiation sources: beam-lines ID2 and BM2 at the Euro-
ean Synchrotron Radiation Facility (ESRF) at Grenoble
France) and BW 7B at DESY (Hamburg, Germany).
urther analytical techniques
Automated amino-terminal sequence determinations
ere performed using an Applied Biosystems 477 A
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482 WENGLER, WENGLER, AND REYequencer. The Finnegan-Mat mass spectrometer
MALDI-TOF) was used to determine molecular masses.
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